theses inherent in the theories on electrostatic confinement [3]. This can partially explain the discrepancies found by other researchers [11] between observed electron densities and the theoretical shielding model used to explain plasma confinement.
I. INTRODUCTION M OST PLASMA heating methods in the electron-cyclotron range of frequencies rely on resonant absorption at either the fundamental or the second harmonic electroncyclotron frequency (84-1 68-GHz) characteristic of high power tubes become increasingly difficult to build as the frequency increases into the range of the fundamental electroncyclotron frequency (84-168 GHz) characteristic of high field tokamaks (30-60 kG). On the other hand, tubes capable of high peak power at lower frequencies have already been developed. For example, Hirshfield and Granatstein [1] have reported a peak power of 350 MW at 15 GHz. In this work we ask how can such a fixed-frequency w0 high power tube be used to heat a high-density high-field tokamak.
Clearly our interest will be in situations where wo is less than the electron-cyclotron frequency Qe throughout the plasma and propagation into the plasma can occur via the extraordinary mode. But ordinary mode shows it will be perfectly reflected when p = Wo(co + e(1) where Cope denotes the electron plasma frequency. As a result, the extraordinary mode has not been considered attractive for heating tokamaks at these frequencies. However, the use of a high power source permits consideration of nonlinear heating processes. It is the object of this paper to calculate when nonlinear heating via the parametric decay of the extraordinary mode radiation into Langmuir and ion-acoustic wave occurs. A good review of parametric decay instabilities can be found in [2] , [3] , [6] .
Several general remarks can be made directly. The frequency of the ion-acoustic wave is much less than wo. Thus the frequency matching condition for parametric decay [3] becomes =0=I + XL (2) where the subscripts I and L denote the ion-acoustic wave and the Langmuir wave, respectively. The formula for CL iS W2=I1 {Q2 + @2 _ [(Q2 - Langmuir wave and the magnetic field of the tokamak. Since the value of sin2 0 cannot be less than zero, (3) and (1) imply that parametric decay instabilities can occur only in the density range 2<o <4< Co(o + Qe) (4) This region of allowed parametric instability is shown on the familiar CMA diagram in Fig. 1 . Inequalities (4) demonstrate that the parametric instabilities can occur only in the interior of the plasma; propagation through the low density peripheral plasma will not be subject to parametric decay. Fig. 2 recasts the information of Fig. 1 into practical units which show the regions in density and magnetic field for which parametric decay instabilities are allowed for a sequence of pump frequencies which are of practical interest. We consider extraordinary mode radiation that is introduced through a wave guide or a dish antenna with a phase variation across the aperture appropriate to focus the radiation onto an area in the plasma interior where inequalities (4) are satisfied (Fig. 3) . As we will show, it is necessary for the electric field associated with the extraordinary wave to exceed a threshold value for parametric decay to take place. Therefore, the area in which instabilities occur is limited to where E' exceeds the threshold (the hot spot). In a thermonuclear plasma, the velocity distribution is Maxwellian and Ti is of the same order as Te. Consequently, the ion-acoustic response does not propagate due to heavy Landau damping. We envision a situation in which the Langmuir wave will propagate across the hot spot, locally exciting an ion-acoustic response. As the Langmuir wave moves through the region, its growth can be described by the convective amplitude amplification
A is a measure of the energy transferred from the extraordinary wave to the plasma, for the growth of the Langmuir wave is driven by the extraordinary wave energy (aE ) while it is in the hot spot and after it has passed out of the interaction region it will be electron Landau damped, thereby transferring energy from the pump to the electrons. Fig. 3 . A slab geometry will be used with the plasma density increasing from zero (at x > 0) in the positive ix direction. The magnetic field is a constant and is in the positive z direction. The source of the extraordinary mode radiation will be an aperture at x = 0. It will be assumed that the phase distribution across the aperture is such to focus the radiation onto a hot spot in the region of allowed parametric instabilities. Our calculation of the wave propagation will be based on the approximation that the spatial variations in the 9 and z directions will be on scales large compared to the wavelength in the x. direction. Let us first consider (17) and use it to solve for E2. In order to do this it is necessary to estimate the order of any corrections to the zeroth-order wave propagation equation (10 34) where Ea is the electric field at the aperture, and s is the surface defined by the aperture. If ko, = wo/c and g(x) = 1 (i.e., the plasma density is zero), then (32) the wave remains in the hot spot. Fig. 4(a) shows the hot spot in the xy plane. It is apparent from the figure and the expressions for Ax In order to proceed, the derivative aeIakL must be found, and using (54) gives
The group velocity of the Langmuir wave is proportional to (61), so it can be used to determine the path that the Langmuir wave takes through the hot spot. This path is needed to evaluate the integral in the definition of A. If
(Ax)/(ae/akj) then the wave will convect out of the interaction region in the z direction before it does in the x direction. Using the expressions for Ax and Az, along with (61), R can be written as
Except near cpe = .o, R is much less than one, and the wave will propagate out of the hot spot in the z direction first.
Therefore, we can approximate the integral for A by J Im (kL) dl Im (kL I)*2Az. (64) This will lead to a slight underestimate of A in the region near the cutoff since the chord across the hot spot in the z direction is shorter than that actually traversed (see Fig. 4(b) ). On the other hand, in the region where Cpe = wo this approximation leads to an overestimate of A, since ae/akll becomes zero when cope = coo. The expression for A will remain finite in this limit since the coupling constant (p2) also goes to zero. Therefore, A remains finite, although it is not correct. The value of Cpe such that R = 1 can be used as a limit to the applicability of our expression for A. Combining all the results so far yields Pa B p Co W2pe
Po V x1 ckoX E2
--e Qe, pe& 2o) the standard expression for Landau damping has been used
[6], Pa is the power applied at the aperture, V= (co/kLIU).
(m/2Te)l1/2, and p is the radius of a circular antenna.
The only parameter left to be determined as the magnitude of kLII, which now enters only through V. As can be seen from (65), the parametric decay driving term increases with kLIi. This is because a larger kLIj implies a smaller group velocity, as can be seen in (61) , and the daughter wave spends a greater amount of time in the interaction region. However, if kLII becomes too large, the Landau damping term will over- We have considered only the decay into ion-acoustic and Langmuir waves. However, we would expect that the decay into any other waves, at the same power, would have lower A's associated with it. The only other possible electron response in this frequency range would be a whistler wave. However, the group velocity of the whistler wave is greater than that of the Langmuir wave, and, therefore, it will convect out of the hot spot more quickly. This would imply that for the same power in the extraordinary mode the A due to whistler wave decay would be less than the A we have calculated. As far as other ion modes go, in the range of frequencies and wave numbers required by the Langmuir electron response, there are no other candidates.
IV. APPLICATIONS
As an example of how (68) can be used to obtain A, we will consider the parametric decay heating of a PDX discharge (Te=lkeV,Bo=25kG,n=2X 1013 cm3,r=40cm 5 we see that V=2.6, and, therefore, (using AV= 60), A =23, well above the effective threshold of A = 6.
A prototype reactor, with a peak density of 1014 cm3 and Bo = 60 kG, requires a 40-GHz source (see Fig. 2 
For the cases we considered a is greater than one and, therefore, there is almost complete nonlinear absorption of the extraordinary radiation.
V. DISCUSSION High power pulsed microwave sources with sufficient peak power, temporal coherence, and spatial coherence to bring about nonlinear heating of modest temperature tokamaks (Te < 1 keV) have already been developed. The peak power required can be estimated by using (71) and is on the order of hundreds of megawatts for a 1-keV plasma. At the present these sources are single pulse sources (pulse lengths are about 50 ns), and, therefore do not supply enough energy to make an effective heating source. Nonetheless, single pulse sources can be used to verify our predictions regarding the threshold for nonlinear absorption (68), (71) and the amount of nonlinear absorption (75). Clearly, these physics experiments should be performed before a program to develop a high repetition rate high peak power microwave source is undertaken.
Heating present tokamaks will require a repetitively pulsed microwave source, and initial efforts in this direction have already been made [8] . The development of plasma-filled gyrotrons [9] The recent work of Ott, Hui, and Chu [10] calculates thresholds for parametric instabilities at frequencies near the electron-cyclotron and upper hybrid frequencies. These thresholds are lower than the ones computed here because the low group velocity electron Bernstein waves propagate in this frequency range. The low group velocities reduce the convective loss out of the hot spot region.
The key ability which makes this heating scheme possible is the ability to focus the extraordinary mode radiation onto a hot spot near the extraordinary mode cutoff. Without this ability, the threshold for parametric decay instabilities would not be exceeded. Being able to focus near the cutoff also allows the use of the low group velocity in the cutoff region. It should be noted that the focusing across the magnetic field is more important than that along the field. This can be seen by observing that only x1 enters the expression for A (68) and that from its definition xl refers to the phase variation perpendicular to the magnetic field [see (35) ]. Although we assumed that the magnetic field was a constant, as long as its variation is also on the scale of L, we would expect the focusing to still be possible. Finally, estimate (75) clearly shows that the nonlinear absorption of the extraordinary mode radiation is appreciable if the effective threshold is exceeded. 
